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Abstract
Magneto-resistivity of a c-axis oriented MgB2 thin film was studied in perpendicular and parallel
magnetic fields up to ∼23 T with temperatures down to 0.38 K. Resistive critical magnetic fields
were determined. Large separations between irreversibility lines and upper critical magnetic fields
are observed. An effective quantum parameter as a function of temperature is proposed to explain
the separations under the theoretical framework of quantum fluctuations, in good agreement with
our experimental and previously published experimental data.
PACS numbers: 74.60.Ge, 74.60.Ec, 74.40.+k, 74.70.Ad
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The discovery of superconductivity in MgB2 [1] has stimulated enormous activity in
the study of this material as it is certainly promising for future applications. One of the
interesting phenomena is that the irreversibility line Hirr(T → 0) of MgB2 does not show
an upward curvature as observed in the studies of high Tc superconductors (HTSCs) [2, 3].
Hirr(T ) is defined as the critical field beyond which persistent supercurrent can not be
sustained and energy dissipation is present in the superconductor. For a HTSC, thermal
fluctuations are much greater, which lead to easier flux line motion near the upper critical
magnetic field Hc2, thus resulting in a large separation between Hirr(T ) and Hc2(T ) at
sufficiently high temperatures. However, at low temperatures for HTSCs [2, 3], a steep rise
of Hirr(T ) leading to a drastic reduction of the separation from Hc2(T ) is widely observed.
For MgB2, it is known that the separation between the two fields [4, 5, 6, 7, 8, 9] increases
with decreasing temperature. However, Hirr(T ) measurements at very low temperatures
(T < 1.6 K) are still missing. In this paper, the results of a c-axis oriented MgB2 thin
film [10] are reported in magnetic fields up to 23 T and temperatures down to 0 .38 K.
Experimental data show that the different values of the resistive determined Hirr(T ) and
Hc2(T ) are nearly constant for T < 1.5 K. Based on these data and previously published
experimental data [6], the temperature dependence of an effective quantum parameter is
proposed to explain the Hirr(T ) anomaly within the theoretical framework of quantum
fluctuations [11].
A boron thin film was first deposited on (0001) oriented Al2O3 single crystal substrate and
then followed by an ex situ annealing in Mg vapor at 900◦ C for one hour [10]. Such a film
of thickness around ∼500 nm can reach a superconducting transition temperature of 39 K.
This film is highly c-axis oriented with the full width at half maximum of the (002) rocking
curve being ∼ 1.8◦. AC -susceptibility measurements show that the film studied in this
experiment has a transition temperature Tc ≈ 33 K. For magneto-resistivity measurements,
a bridge geometry was patterned on the film with dimensions of 0.2 × 2 mm2. A four-
probe AC technique was used with a current modulation at 91.05 Hz (magnitude 4.0 µA).
Perpendicular and parallel magnetic fields to the thin film plane were sequentially applied
with the current always perpendicular to the field directions. Magnetoresistivity data were
collected with a field sweeping rate 3.0 x10−2 T/s at fixed temperatures.
Figures 1(a) and 1(b) show the magnetoresistivity curves in perpendicular and parallel
fields, respectively. Using a constant resistivity value ρN in the normal state, we determine
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FIG. 1: Resistivity isotherms of the thin film in (a) perpendicular fields (from right to left: T =
0.38, 0.43, 0.61, 0.85, 1.17, 1.49, 1.70, 1.94, 2.16, 2.52, 3.26, 3.41, 3.78, 4.4, 5.6, 7.4, 9.0, 11.5, 14.3,
17.5, 22.9, 26.8, 30.1, 30.9, 32.6, 33.8 K), and (b) parallel fields (from right to left: T = 0.41, 0.82,
2.06, 3.93, 4.6, 7.4, 9.1, 11.2, 14.7, 19.2, 22.8, 26.3, 28.3, 30.5, 32.4, 33.4 K).
transition fields Hi(T ) for different fractions i = ρ(T,Hi)/ρN of the normal state resistivity.
Fig. 2(a) and 2(b) represent the experimental data H⊥i (T ) and H
‖
i (T ) for the perpendicular
and parallel fields, respectively. Here, we simply define Hc2(T ) = H90%(T ), Hirr(T ) =
H0.1%(T ) (a small dissipation criterion), and characterize the magnetic field difference by
the normalized parameter δh = [Hc2 −Hirr]/Hirr.
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FIG. 2: Resistive critical fields determined with resistive criterion: 0.1%, 1.0%, 10%, 50%, 90% in
(a) perpendicular fields and (b) parallel fields. Inset of (a), the corresponding data in a log-linear
scale.
The inset of Fig. 2(a) shows H⊥i (T ) curves in a log-linear scale. It is remarkable that each
H⊥i (T ) curve shows an approximately constant value for temperatures below 1.5 K, which
corresponds to the lowest temperature curves in Fig. 1(a) where all the curves roughly fall
onto the same line for T < 1.5 K. By extrapolating to T = 0 K, we obtain µ0H
⊥
irr(0) = 8.7±
0.5 T, µ0H
⊥
c2 = Φ0/2piξ
2
ab(0) = 18.9± 1.0 T with the in-plane coherence length ξab(0) ≈ 4.2
nm. Note that δh(0) = [H⊥c2(0)−H⊥irr(0)]/H⊥irr(0) ≈ 1.2 derived here is very close to those
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of previous reports, but the ρN is about 2 orders larger than that of MgB2 bulk materials
(Tc ≈ 39 K) [4, 5, 6, 7, 8, 9].
From Fig. 2(b), by extrapolation, we obtain µ0H
‖
irr(0) = 17.5± 1.0 T. Note the µ0H‖c2(0)
is extrapolated from the data above 4.6 K due to the available data within the magnetic
field limit. The value for µ0H
‖
c2(0) = Φ0/2piξab(0)ξc(0) is then 27.5 ± 2.5 T with the out-
plane coherence length ξc(0) ≈ 2.8 nm. A rough estimate for the anisotropy factor is
γ = H
‖
c2(0)/H
⊥
c2(0) ≈ 1.5.
According to Blatter and Ivlev [11], the vortex motion may not only be related to thermal
effects, but also to quantum effects [12, 13, 14, 15]. The vortex displacement amplitude
relation for superconductors under the influence of both thermal and quantum fluctuations
is given by
< u2 >
a20
≈
(
G
βth
)1/2 √
b
1− t− b
[
t+ q
√
b
(
1− b
1− t
)]
, (1)
where a0 is the vortex lattice constant, < u
2 > the mean square displacement, b = B/Hc2(0),
t = T/Tc, q the quantum parameter characterizing the quantum fluctuations, βth ≈ 2.5 the
numerical parameter, and G the Ginzburg number characterizing the thermal fluctuations.
Using this relation, we have two simple approaches for two limits. First, supposing q is
large enough (strong quantum fluctuations) for t→ 0, we have < u2 > /a20 ≈ qb(G/βth)1/2,
thus the vortex displacement amplitude being only related to the applied magnetic field in
absence of thermally induced hopping. Second, supposing q = 0 (no quantum effects), we
find < u2 > /a20 → 0 for t → 0. Note that the term < u2 > /a20 can be used to describe
the Lindemann criterion (with a value between 0.1 ∼ 0.3) for the vortex lattice melting.
Therefore, we can conclude that in this limit there is no vortex lattice melting transition at
T = 0 even by increasing the magnetic field to Hc2(0). This second limit, q = 0, implies that
the vortex melting line Hm(T → 0) approaches Hc2(0), and this should also be the case for
Hi(T → 0)s [Hi(T → 0) ≥ Hm(T → 0)]. In the first limit, one expects a weak temperature
dependence of Hi(T → 0) in accordance with our result. In the second limit, Hi(T → 0)
should approach Hc2(T → 0), rather different from the large separation of Hirr and Hc2 we
observed.
Applying the Lindemann criterion < u2 > /a20 = c
2
L to Eq. (1), where 0.1 ≤ cL ≤ 0.3,
Blatter and Ivlev [11] obtained the approximate solution for the melting line
Hm ≈ 4θ2Hc2(0)/(1 +
√
1 + 4Sθ/t)2, (2)
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with the temperature variable θ = c2L(βth/G)
1/2(1/t− 1), and the suppression parameter
S = q + c2L(βth/G)
1/2. From the theory:
q = 2τrcQ
√
βth/G/pi
3λ ≈ 2ν
√
βth/G/pi
3KF ξ, (3)
where Q = e2ρN/h¯d is the quantum sheet resistance, ρN = m/e
2nτr, d the layer spacing, m
the effective mass, τr the relaxation time, n the carrier density, λ the penetration depth, ν
the free parameter, and KF the Fermi wavenumber nearly constant at low temperature.
Taking Hirr → Hm [15, 16, 17, 18, 19], from Eqs. (2) and (3), one can find
δh(0) ≈ q(0)
√
G/βth/c
2
L = 2cτrQ/pi
3λ(0)c2L (4)
that means δh(0) ∝ τrQ ∝ τrρN ∝ m/n. Note that no great δh(0) change has been observed
for two orders of the magnitude change of the MgB2 resistivity, leading to the conclusion
that the products of τrρN and mn
−1 of MgB2 are roughly constant. Note that, besides
the strong difference: n ∼ 1021 cm−3 for HTSCs and n ∼ 1023 cm−3 for MgB2 [9], steep
upward curvatures of Hirr(T )s of HTSCs were observed at low temperatures [2, 3], resulting
in relatively small δh(0)s as compared to that of MgB2. These δh(0) and n features lead
to a conclusion that the τr and the m of a HTSC are much smaller than that of MgB2.
These conclusions rely on the assumption of a single relaxation time τr, independent of the
vortex state; failures of this assumption shall modify the δh(0) relation by a numerical factor
accounting for the characteristics.
Using a temperature dependence of the coherence length, ξ ≈ ξ(0)/(1− t)1/2, we have:
q(t) ≈ 2ν
√
βth/G/pi
3KF ξ ≈ q0(1− t)1/2 with q0 the quantum parameter at 0 K. Hence,
we have two free parameters: q0, and cf = c
2
L(βth/G)
1/2. With Tc = 33 K, H
⊥
c2(0) = 18.9
T and H
‖
c2(0) = 27.5 T, we present in Figs. 3(a) and 3(b) the fitting lines (dotted lines)
for H⊥irr(T ) (circles) and H
‖
irr(T ) data (circles), respectively, with the parameters c
⊥
f = 4.3,
q⊥0 = 5.0, c
‖
f = 3.4 and q
‖
0 = 2.0. The discrepancy between the data and the fits led us to
review the assumption of Blatter and Ivlev model [11], concerning the equal weights of the
quantum and thermal effects. As can be expected from the change of the magnetic structure
along the irreversibility line (parameters in q for reality), affected by the crystallographic
structure, defects, inhomogeneities, and compositional deviations, we take a temperature
dependent weight function w(t), representing the relative importance of the thermal and
quantum effects. Introducing this weight function, we use the following expression (for both
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FIG. 3: Experimental data of H⊥irr(T ) in the perpendicular field direction (a), and H
‖
irr(T ) in the
parallel field direction (b), with theoretical fits: dotted line for the fit with p = 1/2, solid line for
the best fit with the free parameter p.
orientations) for an effective quantum parameter q(t):
q(t) = w(t)q0(1− t)1/2 = q0(1− t)p, (5)
where w is the weight function with w(0) = 1 (no thermal effects at T = 0) and w(1) = 0
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(no quantum effects above Tc), and p an adjustable free parameter.
The solid lines in Fig. 3(a) and 3(b) represent the corresponding fits , in good agree-
ment with the experimental data, with c⊥f = 4.3, q
⊥
0 = 5.0, c
‖
f = 3.4 and q
‖
0 = 2.0 the
same values as before. The solid lines in the insets of Fig. 3(a) and 3(b) represent the
corresponding temperature dependence of the effective quantum parameters together with
the corresponding p values. Note that p = 1/2 corresponds to equal weights [w(t) ≡ 1] of
the thermal and quantum effects. The differences between the curves with and without the
temperature dependence w(t) suggest that the quantum effects are reduced with a large p
value when 0 < t < 1, but still contribute substantially to the vortex motion and affect the
irreversibility line. From the fitting, we determine µ0H
⊥
irr(0) = 8.74 T and µ0H
‖
irr(0) = 17.3
T, values similar to our previous estimations. With c⊥L = 0.25, we have G
⊥ ≈ 5.3×10−4. As
G‖/G⊥ ≈ γ2, we determine G‖ ≈ 1.2 × 10−3 and c‖L ≈ 0.27. One will notice that changing
the c⊥L value will affect the values of c
‖
L, G
⊥, and G‖; the lower the c⊥L value, the lower the
c
‖
L, G
⊥, and G‖ values.
Figure 4 represents fits of irreversibility lines of several other MgB2 samples [one thin film
(Tc ≈ 38 K) and two MgB2 bulk materials (Tc ≈ 39 K)] using a vibrating sample magne-
tometer (VSM) [6], in good agreement with the experimental data. The inset table presents
the corresponding fitting parameters. The following differences have to be considered when
comparing the data as their crystallographic structures and defects are rather different. Both
thin films, having relatively large p values when comparing with bulk samples, are mainly
c-axis oriented with textured structures. The bulk samples are non-oriented polycrystals
with Tc ≈ 39 K, a typical value for MgB2. All the VSM tested samples with relatively high
Tcs show relatively small q0 and cf values (large G values).
Based on the study of quantum effects at low temperatures in HTSCs, Ivlev, Ovchinnikov,
and Thompson proposed a crossover temperature T0 (0 < T0 < Tc) to separate thermal and
quantum regimes [13, 14], where T0 can be much smaller than Tc in HTSCs [20, 21, 22, 23,
24, 25]. Our study, however, suggests that in MgB2 superconductor T0 → Tc. This difference
between HTSCs and MgB2 implies that the form of w(t) in the study is not universal for all
superconductors, but is superconductor dependent, and thus may account for the Hirr(T )
curvature difference between HTSCs and MgB2.
To summarize, a c-axis oriented MgB2 thin film is studied in perpendicular and parallel
fields up to 23 T yielding resistive Hirr and Hc2 in both directions. The anisotropy factor is
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FIG. 4: Theoretical fits of Hirr(T ) data of several MgB2 superconductors (one thin film and two
bulk materials) [6]. The table gives the relative parameters of the samples in corresponding fits,
for which we simply assume Hc2(0) ∼ 2Hirr(0), and cL = 0.25.
determined to be around 1.5 by extrapolating the H
‖
c2(T ) and H
⊥
c2 curves to T = 0. At low
temperatures, H⊥i (T ) and H
‖
irr(T ) are nearly temperature independent, and large differences
between the values for Hirr(T ) and Hc2(T ) are observed. The analysis concludes that the
critical field data are related to quantum fluctuations of the vortex matter in this new
superconductor. We propose the effective quantum parameter q(t) under the framework
of quantum fluctuations. The relative contributions of quantum and thermal effects are
evaluated for the irreversibility line. Due to the dependence of the vortex parameters on
magnetic field and temperature, the relative weights of the two contributions are temperature
dependent. Complementary studies of Hirr(T ) data of other MgB2 samples [6] give a strong
support to the analysis.
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